Introduction {#Sec1}
============

Ribosomes, the molecular machines that are responsible for protein synthesis, have frequently attracted interest both from a biological^[@CR1]^ as well as from a methodological perspective^[@CR2]--[@CR4]^. Due to their high abundance in cells, they are straightforward to isolate^[@CR5]^, making them an ideal specimen for developing X-ray crystallography^[@CR6]--[@CR9]^ and electron microscopy (EM) methods^[@CR2]^. Ribosomes have been used in EM to develop positive and negative staining methods^[@CR10]^, evaluate the efficiency of direct electron detectors^[@CR11]^, and they have served as a model system to develop image processing protocols^[@CR2]^. Due to their central role in protein translation, ribosomes possess an immense biological value, recognized by the award of the 2009 Chemistry Nobel Prize to Ramakrishnan, Steitz and Yonath "*for studies of the structure and function of the ribosome*". Structural insights into ribosomes from various organisms, in a variety of conformations^[@CR12]^ and higher-order states^[@CR13],[@CR14]^, in complex with other biomolecules^[@CR15],[@CR16]^, inhibitors or antibiotics^[@CR17],[@CR18]^ have been reported. There studies were influential to a detailed understanding of this highly intricate and large ribonucleoprotein machine^[@CR1],[@CR19]^.

The *E. coli* ribosome has frequently been used in proteome-wide cross-linking/mass spectrometry methods (XL-MS) as a testbed for structural mapping of cross-linked peptides, and for determining the overall fit to the ribosome structure^[@CR20]--[@CR22]^. Because ribosomes are abundant in the cell, most of the cross-linking reactions in cell extracts or in vivo are concentrated on the ribosome. Therefore, a large number of cross-linked peptides are available for evaluating cross-linking efficiency. As an example, 207 high-resolution atomic structures of *E. coli* ribosomes are currently depostited in the PDB database (date: February 1, 2020; resolution \< 4.5; \< 25 entities per biological unit). Suprisingly, only 87% of the ribosome's protein content has been structurally characterized in these complexes, meaning that more than 1,000 residues are highly flexible and impossible to recover in poor or absent electron densities.

XL-MS would allow providing structural information for all regions of the ribosome, including ordered as well as flexible regions, resulting in a detailed understanding of the overall ribosomal architecture. XL-MS has matured from a method to study isolated biomolecules into a proteome-wide method to understand cellular protein interactions^[@CR23],[@CR24]^. Towards this goal, novel cross-linkers have been developed to optimize the discovery of cross-linked peptides with sensitive LC/MS/MS protocols^[@CR20],[@CR22],[@CR25],[@CR26]^ and attemps have been made to estimate false discovery rates (FDR) for cross-links^[@CR27]^. However, an important validation for proteome-wide XL-MS is the mapping of cross-links on structural models. There is still development in the field regarding the distance measure that is best applicable for mapping cross-links, i.e., Euclidian versus surface-exposed distance^[@CR28]^. Also, the usefulness of FDR calculations and their correlation to true positive protein--protein interactions and the corresponding structural models^[@CR29]^ as well as the choice of molecular models that are used for cross-link mapping are in some cases suboptimal. This is because (a) current studies have a bias for high-abundant proteins, but methods to address this issue are being implemented^[@CR30]^ and (b) few molecular models deposited in structure databases are being evaluated for cross-linking distances, and only one molecular model is selected for distance calculation per protein complex, despite the wealth of structural data. This obvious limitation subsequently confines recovered results, which could be of relevance for the structural biology and function of the protein of interest.

Here, we apply the *N*-hydroxysuccinimide (NHS) ester diacetyl dibutyric urea (DSAU) as an amine-reactive, urea-based MS-cleavable cross-linker^[@CR31]^. It possesses a spacer length of \~ 10 Å and is shorter than the widely-used cross-linker DSBU. Therefore, DSAU allows a distinct subset of distance constraints during structural mapping and/or subsequent modeling to be measured. We cross-linked the *E. coli* ribosome with DSAU and recovered 126 intra- and 97 intermolecular cross-links at an FDR of 1%. We then comprehensively mapped *all* identified cross-links onto *all* suitable *E. coli* ribosomal structures. Based on the satisfaction of those data, we eventually (a) remodeled flexible protein regions and discovered underlying conformational plasticity, (b) localized the ribosome-associated chaperone, the trigger factor, (c) completed protein structures with additional residues and domains, and (d) unveiled higher-order ribosome states. We finally highlight the broad synergy of XL-MS with high-resolution structural methods, as our XL-MS experiments allowed remodeling of 2,057 residues in total, optimizing the current working model of the *E. coli* ribosome (Workflow, Fig. [1](#Fig1){ref-type="fig"}).Figure 1Workflow. We used the DSAU cross-linker with the 70S *E. coli* ribosome to identify binders, flexible regions, higher-order states and modeling of regions previously unresolved using derived data and structure-wide available data in the Protein Data Bank (<https://www.rcsb.org/>).

Results {#Sec2}
=======

Large-scale mapping of cross-links on *E. coli* ribosome structures {#Sec3}
-------------------------------------------------------------------

We have systematically recovered 126 intramolecular cross-links and 97 intermolecular cross-links at 1% FDR, mapping 47 proteins and 36 protein--protein interactions in the *E. coli* ribosome (Table [S1](#MOESM2){ref-type="media"}). We first analyzed the intramolecular cross-links. 126 non-redundant intramolecular cross-links were mapped onto 142 ribosome structures, while only 11% (14/126) of these cross-links could not be mapped to any available structure (Table [S2](#MOESM3){ref-type="media"}). The cross-links show a distance distribution (*d*~intra~) that recapitulates the length of the DSAU cross-linker \[N = 10,769; median(*d*~intra~) = 13.4 Å\]. As intramolecular ribosomal cross-links, except for L7/L12, do not involve protein--protein interactions, we set a threshold of 30 Å for evaluating those cross-links. By applying this threshold, 91.1% (102/112) of the mapped intramolecular cross-links were statisfied. As only intermolecular cross-links capture protein--protein-interactions in the ribosome, the intramolecular cross-links were not further analyzed, except for the interesting case of L7/L12, which is the only known multimeric protein in the *E. coli* ribosome.

For the 97 intermolecular cross-links, we identified 69 ribosomal structures with at least one intermolecular cross-linking pair (Table [S3](#MOESM4){ref-type="media"}). The cross-links show a distance distribution (*d*~inter~) higher than that of intramolecular cross-links, clearly indicating flexibility in the respective ribosomal protein--protein interactions \[N = 3,304; median(*d*~inter~) = 20.28 Å\]. Out of the 97 cross-links, 54 could be mapped on ribosomal structures, while 44 were novel (Fig. [2](#Fig2){ref-type="fig"}A), signifying that the residues involved in the cross-linking reaction are not represented in any published ribosome structure (\< 3.5 Å resolution). We systematically evaluated the threshold of the DSAU cross-linker for distance measurements of the intermolecular cross-links detected (Fig. [S1](#MOESM1){ref-type="media"}). Interestingly, the number of violated cross-links remains constant up to a threshold of 40 Å (Fig. [S1](#MOESM1){ref-type="media"}). Therefore, we chose a distance threshold of 37.5 Å as this (a) accounts for the extensive conformational flexibility of the ribosome (it is 150% higher compared to the atomic distance of 25 Å which is the maximum Ca--Ca distance of cross-linked Lys residues), (Fig. [S2](#MOESM1){ref-type="media"}) and (b) does not influence the recovery of higher false positive numbers (Fig. [S1](#MOESM1){ref-type="media"}).Figure 2Statistics of database-wide mapping of ribosomal inter-molecular cross-links. (**A**) Classification of cross-links. Satisfied: cross-links always in the allowed range; Mixed-typed: cross-links both in the allowed and in the violated range, depending on the ribosome structure; Violated: cross-links always outside the allowed range; Novel: cross-links that could not be mapped on any high resolution ribosomal structure. (**B**) Classification of mappable cross-links on published structures. PDB IDs (<https://www.rscb.org>) with the same count of satisfied and violated cross-links are grouped. Pruned pdb-codes: ^(A)^5J88, 5J8A, 5J91, 5JC9; ^(B)^5MDY, 5MDZ, 6HRM; ^(C)^4U24, 4U25, 4U26, 4U27, 4V52, 4V54, 4V57, 4V64, 4V6C, 4V7S, 4V7T, 4V7U, 4V7V, 4V9C, 4V9D, 4WF1, 4WOI, 4WWW. (**C**) Cross-links on 5U9F, the published structure with the highest number of satisfied cross-links. Cross-links that satisfy the distance range are shown in yellow dashed lines; distances that are violated are shown in red. Ribosomal proteins (black) and rRNA (grey) are shown in cartoon presentation. The images of protein structures were generated with PyMOL (Version 2.3.2), Schrödinger, LCC. URL: <https://pymol.org>.

Therefore, 65% (35 out of 54) of the mapped cross-links are satisfied in at least one ribosomal structure (Fig. [2](#Fig2){ref-type="fig"}B). In particular, the ribosomal structure of the "ArfA-RF2 ribosome rescue complex" (5U9F)^[@CR32]^ has a wide coverage of satisfied cross-links, amounting for 28 non-redundant residue pairs in total (Fig. [2](#Fig2){ref-type="fig"}B,C). Eventually, we are able to explain, clarify, and satisfy 89% (17 out ouf 19) of the violated cross-links, and therefore, confidently map \> 95% of cross-links to the available ribosome structures.

Plasticity of ribosomal active sites recapitulated by XL-MS {#Sec4}
-----------------------------------------------------------

### Translation initiation and codon probing {#Sec5}

For efficient translation initiation, the 30S protein S21 is essential and consists of two α-helices, folding around the bound mRNA (PDB ID: 5U9F)^[@CR32]^. Five cross-links were identified in S21, of which three map to the first α-helical region (residues 1--37) and two to the second (residues 38--71). Due to the localization of a violated cross-link (\#86) in the second α-helix and the accessible space in the helical environment, only a planar movement of the second helical region can satisfy this cross-link. We performed a cross-link-driven reorientation of the second α-helix by molecular modeling, keeping the first α-helix rigid. By this, we could generate a model of S21, satisfying the violated cross-link in the second helix.

After initiation, aminoacyl-tRNA molecules must then be probed by trial and error, a procedure facilitated by the 50S ribosomal protein L7/L12, the only multimeric protein in the *E. coli* ribosome^[@CR33]^. Due to its flexible nature, it is only partially resolved in few published structures (PDB IDs: 4V85^[@CR34]^, 4V9O^[@CR35]^, 6I0Y^[@CR36]^), however it was found to be highly cross-linked (Fig. [3](#Fig3){ref-type="fig"}A). It is known that in *E. coli* up to four copies of L7/L12 can bind to a single ribosome^[@CR37]^. We identified 15 novel interactions involving L7/L12 that include three different proteins, L6, L10 and L11 (Fig. [3](#Fig3){ref-type="fig"}A), while one intermolecular and 21 intramolecular cross-links are located in L7/L12 itself. In addition to cross-links which clearly indicate that L7/L12 is multimeric, the intramolecular cross-links may also reveal a higher-order oligomerization state. For this, we mapped the intramolecular cross-links on the published monomeric structure of the C-terminal (*C-ter*) domain of L7/L12 (PDB ID: 1CTF)^[@CR38]^ and measured both Euclidian and solvent accessible distances using the xWalk software^[@CR39]^ (Table [S4](#MOESM5){ref-type="media"}). Despite the Euclidian distances of all cross-links being in range (\< 30 Å), the surface accessible distance for eight cross-links was above 30 Å, pointing to a higher-order state.Figure 3The dense interaction network of L7/L12 captured by XL-MS. Ribosomal proteins (black) and rRNA (grey) are shown in cartoon. Cross-linked proteins are color highlighted. Cross-links are shown as dotted lines, satisfaction (yellow) or minor violation (orange) are indicated. (**A**) Interaction network of L7/L12. Sizes of the boxes are scaled to the length of the protein sequences; each dotted line represents one identified novel cross-link pair. (**B**) Satisfied cross-links after remodeling; Only 4 cross-links of L6 to L7/L12 could not be unambiguously mapped (not shown); In addition, 5 intra-links show violation in the monomer, but satisfaction in the L7/L12 multimer. (**C**) Model of the interaction of an L7/L12 tetramer (blue, green, red, orange) bound to the helix 8 of L10 (magenta) based on the cross-linking information (see text). (**D**) Satisfaction of intra-molecular cross-links between CTD domains of L7/L12. (E) Inter-molecular cross-links satisfying both extended and helical conformation of the linker region of L7/L12; Note that all cross-links are satisfied in the helical linker conformation, and all but one cross-link are satisfied in the extended conformation. The images of protein structures were generated with PyMOL (Version 2.3.2), Schrödinger, LCC. <https://pymol.org>.

Considering this information, we generated a tetrameric model of L7/L12 binding to the ribosome. We generated a tetramer because it is known that in *E. coli*, up to four copies of L7/L12 can bind to a single ribosome and was previously partially resolved in a tetrameric state^[@CR34]^. Our extended model satisfies 60% of the novel cross-links to other proteins (Fig. [3](#Fig3){ref-type="fig"}B,C) and 6 out of 8 intermolecular cross-links between copies of itself (Fig. [3](#Fig3){ref-type="fig"}D). In this model, different degrees of flexibility of the linker are visible: For one of the L7/L12 units, the cross-link pattern could be satisfied by either an α-helical or an extended fold (Fig. [3](#Fig3){ref-type="fig"}E).

### Frameshifting and ratchet movement {#Sec6}

Ribosome translocation is accompanied by the ratchet movement^[@CR40]^, while inhibitors can interfere with the ratchet movement of the ribosome. This plasticity is captured by two cross-links in the interface between 30 and 50S subunits: L5 was cross-linked to S13 and S19 in a mixed-type manner (Fig. [4](#Fig4){ref-type="fig"}A). Interestingly, cryo-EM structures resolve an open conformation, as indicated by a cross-link minor violation (38--40 Å), while X-ray structures capture various states of the rachet movement. As an example, the crystal structure of the *E. coli* ribosome in complex with kasugamycin (PDB ID: 4V4H)^[@CR41]^ was resolved with two ribosomes in the asymmetric unit with a variability in the 50S-30S interface: We mapped the cross-links and discovered conflicting behavior of measured distances for each of those ribosomes (\#62, 18.9 Å and 34.5 Å; \#73, 24.2 Å and 41.2 Å). This indicates, that even in crystallized ribosomes, different conformational states could be existing, underlining, again, the high flexibility.Figure 4Visualization of differences in X-ray and cryo-EM structures, identified by cross-links falling in the mixed-type category, and localization of the trigger factor. Ribosomal proteins (black) and rRNA (grey) are shown in cartoon. (**A**) Capturing the flexibility between the 30S and 50S subunits. In the X-ray structure (4V4H), cross-links \#62 and \#73 are satisfied (yellow dashed lines); in the cryo-EM-structure (5U9F), a different conformation is visible, which violates the maximum distance (red dashed lines). (**B**) Structural model of the trigger factor (orange) in complex with the *E. coli* ribosome. Cross-link satisfaction is indicated as yellow lines, violation as orange lines. The known low-resolution structure (2VRH) is superimposed and shown in magenta. The images of protein structures were generated with PyMOL (Version 2.3.2), Schrödinger, LCC. <https://pymol.org>.

### Flexibility and rotation of the L1 stalk and unfolding of the mRNA by S3 {#Sec7}

The L1 stalk is a flexible substructure consisting of the ribosomal protein L1 and helices 76--78 of the 23S rRNA. We observed five cross-links from L1 to the L9 protein and one cross-link from L1 to the L33 protein. The available structures satisfy five out of six cross-links; the remaining cross-link (\#1; 63.3 Å) reflects the known extensive conformational variability of the L1 stalk, including movements of up to 20 Å^[@CR42]^, which can be sampled only with extensive molecular dynamics simulations in combination with higher amount of data^[@CR43]^. In addition to the L1 stalk movement, mRNA needs to be single-stranded during translation. The 50S protein S3 at the mRNA entrance tunnel is directly involved in the unfolding of the mRNA^[@CR44]^. We identfied a set of five cross-links, four to S10 and one to S2, including the structurally unresolved 26-aa, C-terminal (*C-ter*) region of S3. We identified a unique structural homolog (PDB ID: 2JPL^[@CR45]^; 38% similarity) using HHPRED^[@CR46]^ and modeled additional parts of the S3 protein. Without implementing any of the cross-linking constraints, the model satisfies all cross-links and, thereby, validates the structure with the additional *C-ter* region (Fig. [S3](#MOESM1){ref-type="media"}).

### Ribosomal chaperone {#Sec8}

We identified three cross-links for the trigger factor, the only ribosome-associated chaperone in *E. coli*^[@CR47]^. The bound state of the trigger factor is resolved at low-resolution (19 Å, PDB ID: 2VRH)^[@CR48]^ and shows an open conformation (Fig. [4](#Fig4){ref-type="fig"}B). It is also partially resolved in its *N*-terminal (*N-ter*) region in a homologous high-resolution ribosomal structure from *Haloarcula marismortui* (PDB ID: 1W2B^[@CR49]^). In addition, the full-length structure in the unbound state has been solved by NMR spectroscopy (PDB ID: 1W26^[@CR49]^). Based on the published structures of the trigger factor homolog, a simple superposition of the unbound state on the bound *N-ter* region of the trigger factor resulted in a model that violated the cross-linking distances in the *C-ter* region, recapitulating the same binding mode observed in the low-resolution cryo-EM map previously published (PDB ID: 2VRH^[@CR48]^). We therefore applied a cross-link-driven structural modeling of the trigger factor. We confirmed that the *N-ter* region is bound near the exit tunnel of the nascent peptide chain, formed by L23 and L24^[@CR49]^. The distance violation (50.3 Å) between the trigger factor and L24 is justified by the inherent flexibility of the exit tunnel. Interestingly, we discovered that the *C-ter* region folds back to the 23S RNA, forming an extensive non-covalent interaction network with the 23S-RNA surface (Fig. [4](#Fig4){ref-type="fig"}B).

Extending the ribosomal model structure {#Sec9}
---------------------------------------

We directly discovered that three cross-links involving the *N-ter* amine groups of S1, S8 and S18 could not be mapped on the ribosome because they were simply missing. Usually, the start Met is often cleaved and not considered for structure determination, but in our data it was involved in inter-molecular cross-links. By de novo completion, these novel cross-links could be mapped and were found to satisfy the distance threshold. However, the majority of missing residues are located in highly flexible regions and were subsequently identified and characterized, as described for L31 and S1 below.

### Localization and C-terminal flexibility of L31 {#Sec10}

Based on the mixed-type distribution, meaning there is satisfaction in some, but violation in other structures, of a cross-link between L31 and L5, we were able to identify an annotation discrepancy for L31 in crystallographic structures of *E. coli* ribosome (PDB IDs: 4V4Q^[@CR50]^ and 4V4H^[@CR41]^) (Fig. [5](#Fig5){ref-type="fig"}A). In the respective crystal structures, the electron density was mistakenly identified as L31 instead of L28, corroborating an inconclusive placement (Fig. [5](#Fig5){ref-type="fig"}A). In these structures, we also discovered 10 additional cross-links located in the *C-ter* region of L31 that are greatly violated (above 150 Å) and result from the incorrect placement of L31. In addition, although L31 is correctly placed in recent ribosomal structures, the *C-ter* region is still unresolved, and therefore, cross-linking distances involving the *C-ter* cannot be mapped. In addition, the *C-ter* residues 63--70 (FNIPGSK) of L31 are known to be proteolytically cleaved by protease VII during purification^[@CR51]^. However, we reveal that, by identifying these cross-links, L31 also exists in a non-cleaved state. This was confirmed by the identification of the *C-ter* peptide of full-length L31 during peptide mass fingerprint analysis (Figs. [S4](#MOESM1){ref-type="media"}, [S5](#MOESM1){ref-type="media"}). By de novo modeling of the additional residues at the *C-ter* of L31, we could explain four out of ten (40%) cross-links, indicating a high flexibility of the L31 *C-ter*. By using the cross-links as distance constraints in data-driven homology modeling, we were finally able to satisfy nine out of ten (90%) crosslinks. Consequently, experimental data suggest two distinct conformations of L31′s *C-ter* (Fig. [5](#Fig5){ref-type="fig"}B).Figure 5Localization and flexibility of the L31 ribosomal protein. Ribosomal proteins (black) and rRNA (grey) are shown in cartoon. L31, involved in cross-linking, is highlighted in orange. (**A**) Annotation discrepancy of L31 in the crystal structure (4V4H) in comparison to an recent cryo-EM structure (5U9F). The orange arrow indicates the annotated localization at the ribosomal structure. (**B**) Two distinct conformations of the CTD of L31. In orange, the first conformation is shown, where cross-links \#66, \#71--72 and \#74 are satisfied. In green, the second conformation is shown, where cross-links \#27--30 and \#39 are satisfied and cross-link \#38 (orange line) is only minorly violated (38.8 Å). Cross-link \#26, located in the NTD, is satisfied in both conformations. The images of protein structures were generated with PyMOL (Version 2.3.2), Schrödinger, LCC. <https://pymol.org>.

### Recapitulation of interaction networks for S1 {#Sec11}

A dense network of 18 cross-links (15 novel, two violated and one satisfied) between S1 and eight proximal proteins was identified in our XL-MS studies (Fig. [6](#Fig6){ref-type="fig"}A). S1 is the largest protein of the *E. coli* ribosome with a molecular weight of 61 kDa and is essential for docking and unfolding of structured mRNA^[@CR52]^, but for mRNAs with a strong Shine-Dalgarno sequence and short 5′-UTR, the S1 is not needed^[@CR52]^. Only the *N-ter* domain (NTD), bound to the ribosome, was recently resolved in complex with the ribosome (PDB IDs: 6H4N, 6BU8)^[@CR53],[@CR54]^), and most of the other sequence regions of S1 are structurally uncharacterized (central domain and *C-ter* domain (CTD)). Biophysical studies suggest that the structure of S1 could be very elongated (up to 230 Å)^[@CR55]^, proposing a model of a bound NTD and a flexible CTD, which probes mRNA present in the cytosol. Here, we generated two conformations of the S1′s CTD that is represented by two bound states: For the structurally unknown central region (150--300), we identified a close structural homolog using HHPRED (*E. coli* elongation factor Ts; PDB ID: 4Q7J)^[@CR56]^. In this region, five intermolecular cross-links were identified, of which two could be satisfied and one is only moderately violated (40.6 Å). The two additional cross-links are greatly violated (83.9 Å and 97.5 Å) and could thereby point to an extended conformation of S1^[@CR55]^.Figure 6Identification and remodeling of the interaction network of S1. Interaction network of S1 before (**A**) and after (**B**) modeling. Sizes of the boxes are scaled to the length of the protein sequences and blue color in S1 indicates structurally characterized sequence parts. Each line represents one identified cross-link pair. Novel interactions are shown as dashed lines, satisfied (green) and violated (red) cross-link as colored lines. Ribosomal proteins (black) and rRNA (grey) are shown in cartoon. Remodeled proteins are highlighted in color (**C**, **D**). Cross-links are shown as dotted lines, and satisfaction (yellow) and violation (red) are also indicated. (**C**) Structural interaction network of the CTD of S1 (green) and the L1 stalk, formed by L1 (orange) and helices 76--78 of the 23S RNA (light blue). The cross-links between S1 and the L1 stalk show distance violation, but the L1 stalk itself to proteins in vicinity shows both, satisfaction (yellow) and violation (red) of cross-links, indicating different conformations as function of L1 stalk movement (see text for details). (**D**) Distinct conformations of the CTD of S1 (1st/2nd;green/orange). The 1st conformation (green) recapitulates the interaction of S1 with the L1 stalk in the 50S subunit. The 2nd conformation (orange) recapitulates an interaction with other 30S subunits and satisfies all cross-links. The images of protein structures were generated with PyMOL (Version 2.3.2), Schrödinger, LCC. <https://pymol.org>.

Additionally, the majority of cross-links are located in the CTD of S1 that has so far been unresolved in existing ribosomal structures, but was resolved by solution NMR in its unbound state (free protein, PDB ID: 2KHJ)^[@CR57]^. Based on these data, we modeled the structure of S1 in its bound state, where only the 30 last amino acids at the *C-ter* are missing (Fig. [6](#Fig6){ref-type="fig"}B, structural coverage indicated in blue). We discovered two states of the CTD: A highly complex interaction with the L1 stalk (see "[Flexibility and rotation of the L1 stalk](#Sec7){ref-type="sec"}"), and a second interaction within the 30S subunit, as corroborated by four and seven cross-links. Our models show that either (a) the CTD domain of S1 folds on the 23S rRNA of the L1 stalk (Fig. [6](#Fig6){ref-type="fig"}C), where extensive conformational changes are predicted to occur^[@CR42]^ or (b) the CTD is bound to the 30S subunit that is validated by satisfying all seven cross-links (Fig. [6](#Fig6){ref-type="fig"}D).

Multimeric states of ribosomes {#Sec12}
------------------------------

In crystallographic ribosomal structures, two cross-links between L2 and L9 are simultaneously violated and satisfied as apparently, L9 undergoes a conformational change during crystallization. The extended state of L9 is found in 33 crystallographically determined ribosomal structures from *E. coli* (Table [S2](#MOESM2){ref-type="media"}) and is imposed by crystallographic contacts (Fig. [7](#Fig7){ref-type="fig"}A)^[@CR12]^. In ribosome hibernation, the dimeric interface is formed by the 30S subunit, while the 30S protein S2 of both ribosomes forms the core of the interface and 30S protein S1 is present in an inactive conformation^[@CR53]^. The structure of the hibernated 100S ribosome has been solved by cryo-EM (PDB ID: 6H58)^[@CR53]^, but was not considered for mapping the cross-links due to its moderate resolution of 7.9 Å. Nevertheless, that structure is highly valuable in explaining two violated cross-links, which are now in good agreement with the low-resolution cryo-EM structure of the 100S ribosome, thereby further corroborating the low-resolution cryo-EM model (calculated distances 18.3 Å and 25 Å, Fig. [7](#Fig7){ref-type="fig"}B). Finally, distance measurements in polysomes are not feasible due to the absence of high-resolution structures as they are heterogeneous and form various assemblies^[@CR14]^. Usually, ribosomes are connected "top-to-top" in polysomes, with a 30S-30S interaction along the mRNA body and the 50S subunits facing outwards in a pseudo-helical manner^[@CR14]^. Cross-links spanning through the ribosomes might be explained by two adjacent ribosomes bound in a top-to-top manner. This has been observed for the two cross-links in the 50S with violated distances of 120.9 Å and 166.6 Å, when mapped on the monomeric ribosomal structure. It might well be possible that these cross-links are satisfied in higher-order polysomal states.Figure 7Multimeric states of the ribosome. Ribosomal proteins (black) and rRNA (grey) are shown in cartoon presentation. (**A**) Different conformations of L9. The protein is localized in the interface region of the asymmetric unit in the crystal structure (4V4H), and, thereby, is in an extended conformation. In the cryo-EM structure (5U9F), the protein is folding back onto the surface of the ribosome. (**B**) Cross-linking reveals presence of hibernated ribosomes in the sample (PDB ID 6H58). Ribosomal proteins of the two ribosomes are color-highlighted (green/orange). Cross-links \#81 and \#97 are shown. The images of protein structures were generated with PyMOL (Version 2.3.2), Schrödinger, LCC. <https://pymol.org>.

Discussion {#Sec13}
==========

The published ribosomal structures of *E. coli*, albeit of impressively high numbers, account for a large fraction of ribosomal proteins, binders, cofactors, and translation states. Interestingly, our cross-linking experiments identified \~ 50% of cross-links that are novel, and are not part of published high-resolution ribosomal structures. This means that current structural models only partially recapitulate the intrinsic flexibility of the 70S ribosome.

Our methodology, i.e. large-scale mapping of cross-linking data on *all* ribosomal structures and subsequent cross-link-based modeling, allowed us to capture novelties in technical, biochemical, and biological aspects. In particular, we have identified crystallographic contacts by visualizing violated cross-link distances, as in the case of L9. We have identified complex oligomerization states of L7/L12 and proposed a model for its structural role in the context of the ribosome; and we discovered discrete, but limited conformations for *N*- and *C-ter* regions of cross-linked ribosomal proteins S1 and L31. We have, ultimately, unraveled a novel interface for the *C-ter* region of the trigger factor, satisfying the cross-linking data. Advanced image processing methods using cryo-EM for sorting and classifying diverse ribosomal populations from a single sample can provide insights into ribosome heterogeneity. In particular, ribosomal classes including the trigger factor in complex with the *E. coli* ribosome are predicted to recapitulate our model where the trigger factor interacts with the 23S RNA in an extended conformation.

A testable hypothesis for ribosomologists based on our extended ribosomal model may include the L7/L12 system, for which efficient depletion has been developed in isolated ribosomes^[@CR58]^. The four copies of L7/L12 bind at the periphery of the ribosome with the *N-ter*, while the *C-ter* captures tRNA molecules and GTPases for efficient translation^[@CR58]^. A hinge region (residues 31--52) connects the terminal domains. Functional studies show that hinge truncation leads to inactivation while hinge extension seems to have no or only minor effects on translation^[@CR59]^. In addition, based on a single construct with a randomized sequence, it was concluded that the composition of hinge residues does not have an influence on translation activity^[@CR59]^. For the hinge region, we have observed that a coil-to-helix transition is encoded, satisfying the underlying cross-linking data (Fig. [3](#Fig3){ref-type="fig"}). We therefore hypothesize that local secondary structure transitions could underlie the function of L7/L12. A systematic approach to probe, promote or prevent formation of predicted secondary structure of the hinge region could decode specificity determinants in the recognition mechanism involving L7/L12.

In our final *E. coli* ribosome model, we added or altered 2,057 residues (Fig. [8](#Fig8){ref-type="fig"}). In total, we were able to satisfy seven novel and four violated intramolecular, and 28 novel and 10 violated intermolecular cross-links, in addition to the already satisfied cross-links. This final model involves 115 intra-molecular cross-links and 71 inter-molecular cross-links, now fulfilling the distance threshold (30 Å for intra-, 37.5 Å for inter-molecular cross-links) with 91% and 73%, respectively (Table [S5](#MOESM6){ref-type="media"}). Our workflow of remodeling a single protein in a rigid environment can be further improved by considering the environment of the protein to be flexible and suitable for remodeling, especially, if also rRNA is involved, as *e.g.* in the L1 stalk. Additionally, seven cross-links could not be satisfied for the L7/L12 multimer. Our proposed bound model of four L7/L12 proteins is a snapshot of the variable complexes that the multimer can adopt to probe aa-tRNAs, and therefore only a subset of cross-linking data is satisfied. The flexibility of the 30S--50S interface is further highlighted by five additional violated cross-links that are mapped on L5, S9 and S10, which are all known to be involved in tRNA binding^[@CR60]^, frameshifting^[@CR61]^, and ratchet movement^[@CR40]^. An exercise to finally fit all derived cross-links in a single static model or in snapshots is impossible, and highlights the fact that the ribosome, even in its single, purified state, probes a significantly large and complex conformational landscape. In addition, this poses several questions regarding the model if we systematically consider conformational ensembles of ribosomal proteins. This is because it is difficult to disentangle which constraint originates from which conformation. Nevertheless, our generated model is an averaged model, which incorporates multiple conformations.Figure 8Final model of the *E. coli* 70S ribosome. Ribosomal proteins (black) and rRNA (grey) are shown in cartoon presentation. Added or altered ribosomal protein regions are highlighted in orange. The images of protein structures were generated with PyMOL (Version 2.3.2), Schrödinger, LCC. <https://pymol.org>.

To conclude, high-resolution methods cannot capture completely the conformational variation and dynamics of large macromolecular complexes and the current work shows that XL-MS is an essential method to identify technical discrepancies, conformational variability, and additional interactors, and ultimately complete and extend the available structural data for the *E. coli* ribosome.

Biomolecules are inherently flexible and highly dynamic, and this underlying flexibility manifests substantially to larger biomolecular structures. As in the case of the ribosome, it is frequently observed in density reconstructions with very high local heterogeneity. These regions appear at low resolution and are difficult to model. In addition, modeling in low resolution densities often results in a single-state model, ignoring the fact that a lower-resolution density probably reflects structural variation. XL-MS can be highly beneficial for understanding local heterogeneity in unresolved or partially resolved regions and, therefore, deliver complementary information, which may be valuable to ultimately describe conformational variation in biomolecular complexes at high resolution.

Methods {#Sec14}
=======

Cross-linking {#Sec15}
-------------

33.3 mg/mL (13.3 µM) *E. coli* ribosome was purchased from New England Biolabs, cat. no. P0763S20. 20 µL of the commercial solution were diluted to 200 µL with 20 mM HEPES (pH 7.6), 10 mM MgAc~2~, 30 mM KCl, and 2 mM TCEP. Four 49-µL aliquots were pipetted into four vials. DSAU was purchased from CF Plus Chemicals, cat. no. PCL006_0050. DSAU was dissolved in neat ACN to a final concentration of 5 mM by sonicating for 5 min at room temperature. 1 µL of DSAU stock solution was added to each 49 µL aliquots of 1.33 µM ribosome. The mixtures were incubated for 60 min at room temperature. 1 µL of 1 M ammonium bicarbonate was added and incubated for 15 min at room temperature for quenching the cross-linking reactions.

Digestion {#Sec16}
---------

SMART Digest Trypsin Kit (Thermo Fisher Scientific) was used for digesting 50 µL of cross-linked sample. 150 µL of SMART Digest buffer containing 5 µg of beads were added and the resulting solutions were incubated at 70 °C for 3 h. After cooling down the samples were centrifuged and the supernatant was collected. Peptides were further incubated with DTT (4 mM) for 30 min at 56 °C and iodoacetamide (8 mM) for 20 min at room temperature in the dark. Alkylation was quenched by adding 4 mM of DTT. Finally, TFA was added to the samples.

Mass spectrometry {#Sec17}
-----------------

The digested samples were analyzed in two technical replicates by LC/MS/MS on an UltiMate 3000 RSLC nano-HPLC system (Thermo Fisher Scientific) coupled to an Orbitrap Q-Exactive Plus mass spectrometer (Thermo Fisher Scientific) using an established protocol^[@CR19]^. A Nanospray Flex ion source (Thermo Fisher Scientific) was employed. Peptides were trapped on a C18 column (precolumn: Acclaim PepMap 100, 300 μm × 5 mm, 5 μm, 100 Å (Thermo Fisher Scientific) and separated on a packed Picofrit nanospray C18 column, 75 μM × 250 mm, 1.8 μm, 80 Å, tip ID 10 µm (New Objective). After trapping, peptides were eluted by a linear 360 min water-acetonitrile gradient from 3 to 40% B (with solvent B: 85% (v/v) acetonitrile, 0.1% (v/v) formic acid) at a flow rate of 300 nl/min. The column was washed for 10 min at 300 nl/min using 42--99% B (5 min) and 99% B (5 min). The separation was performed at 45 °C using an external column heater (Phoenix S&T).

Data were acquired in data-dependent MS/MS mode using stepped higher-energy collision-induced dissociation (HCD) at normalized collision energies of 27%, 30%, and 33% according to^[@CR19]^. High-resolution full scans (*m/z* 299 to 1799, R = 140,000 at *m/z* 200) were followed by 10 high-resolution product ion scans (R = 35,000) of the most intense signals (5 s). The isolation window was set to 2 Th. Target values for automated gain control were set to 3,000,000 (MS) and 250,000 (MS/MS) with maximum injection times of 100 ms (MS) and 250 ms (MS/MS). Precursor ions with charge states \> 2+ and \< 8+ were selected for fragmentation. Dynamic exclusion of 60 s (window 2 ppm) was enabled.

Data analysis {#Sec18}
-------------

Proteome Discoverer 2.0 was used for converting mass spectrometric raw files to mzML. Cross-links search was performed with MeroX (version 2.0 beta) using a custom-made *E. coli* database (uniprot.org) (FASTA file is included in the Supporting Information) including only ribosomal proteins and the trigger factor. The following settings were applied: Proteolytic cleavage: *C-ter* at Lys and Arg (three missed cleavages were allowed), peptide length 4--30 aa, modification: alkylation of Cys by IAA (fixed), oxidation of Met (variable), cross-linker: DSAU with specificity towards Lys, Ser, Thr, Tyr, *N-ter* (site 1) and Lys and *N-ter* (site 2), search algorithm: RISEUP mode with up to two missing ions, precursor mass accuracy 4 ppm, product ion mass accuracy 8 ppm, signal-to-noise ratio min. 2, precursor mass correction enabled, 10% intensity as prescore cut-off, 1% FDR cut-off, and minimum score cut-off: 50. For a more stringent FDR estimation the cRAP database was included. Cross-links identified in two technical replicates of each sample were combined. MS data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD018935.

Identification of *E. coli* ribosomal structures {#Sec19}
------------------------------------------------

For the identification of suitable structures, the structural information deposited in the UniProt-database was used. For intermolecular cross-links, the structural information of both interaction partners were cross corelated and the PDB IDs of all structures, in which both proteins are included, were selected. For intramolecular cross-links, no cross-correlation was needed. The structures were then filtered by their annotated resolution, only using structures with a resolution of 3.5 Å or better. NMR structures that do not have a deposited resolution were always included.

Mapping of cross-links and estimating distance violation {#Sec20}
--------------------------------------------------------

Each identified structure was downloaded from the RCSB protein data bank in the modern mmCIF-format and residue type, residue number, chain identifier, and coordinates of all Cα atoms were manually isolated. This simplified structure file was used for all further analysis. For each cross-link/structure pair, a local sequence alignment for both residues were performed, to guarantee the correct distance measurement and to compensate for annotation discrepancies between the structure and the UniProt annotated sequence (e.g. start Met excluded in structure and thereby residue numbering shifted by 1). To perform the alignment, a tripeptide with the cross-linked residue in the middle was fetched from UniProt and aligned to the sequence of the structure, assuming correct residue numbering. For terminal residues, only a dipeptide was used, but the terminal position was considered. If the first alignment failed, the tripeptide was shifted in a ± 5 residue window around the assumed position in the structural sequence. If the alignment failed (e.g. residue not resolved; incorrectly numbered structure), no unambiguous measurement of the distance was possible and the respective cross-link/structure pair were excluded. After successful sequence alignment, the distance *d* between the Cα atoms were calculated with $\documentclass[12pt]{minimal}
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                \begin{document}$$d= \sqrt{{({x}_{1}-{x}_{2})}^{2}+{({y}_{1}-{y}_{2})}^{2}+{({z}_{1}-{z}_{2})}^{2}}$$\end{document}$, in which P(x~1~, y~1~, z~1~) and P(x~2~, y~2~, z~2~) are the coordinates of both Cα atoms. To differentiate distances in monomeric ribosomal structures from distances in asymmetric units, which would lead to false positive results, the chain identifier label was compared. According to common convention, chains in asymmetric units are distinguishable, and distances from asymmetric units were identified by following rules: (a) first chain uppercase but second chain lowercase or vis-à-vis (*e.g.* A to b instead of A to B); (b) if the chain identifier does have two characters, but the first character is differently (e.g. AA to BB, instead of AA to AB). All distances were classified by the given threshold of 37.5 Å and categorized in "always satisfied" when all distances of a given cross-link pair are below the threshold, "always violated" when all distances are above the threshold and "mixed-type", when distances are both, below and above the threshold. Cross-links not mappable to any structure were classified as "novel".

Modeling methods {#Sec21}
----------------

For remodeling, homology modeling, and de novo addition of residues MODELLER (Version 9.22)^[@CR62]^ was used as descripted in the manual (chapter 2.2.2), including VTFM and MD optimization of the generated models. The published ribosomal structure "3.2 Å cryo-EM ArfA-RF2 ribosome rescue complex (Structure II)" (PDB ID: 5U9F)^[@CR32]^ was used as the starting point for modeling, but the bound ribosome-rescue factor A was removed. Superimposing of the trigger factor was done with PyMOL. To reduce calculation time, only proteins and rRNA within a distance of 10 Å and cross-linked interaction partners of the target protein were considered, and the remodeling was only applied to this single protein, while all others were kept static. Homologue structures for unknown regions in S1 and S3 were identified using HHPRED. The identified structures (PDB ID: 4Q7L for S1^[@CR63]^; PDB ID: 2JPL for S3^[@CR45]^) were used to model the unknown parts in their ribosomal environment. Missing residues were added in the alignment file and added by de novo modeling. Cross-links were included as Gaussian distributed distance restrains (see MODELLER manual chapter 2.2.11). The mean distance of the constraint was stepwise reduced from 45 to 25 Å (step size 5 Å) or until the cross-link distance was below the threshold. The standard deviation of the distance restrains was 0.1. The stepwise remodeling was applied to maintain structural integrity of flexible domains and regions. Remodeled proteins were used to replace their incomplete or incorrect counterparts in the working model by using the alignment function from PyMOL, sequentially building an extended ribosomal structure.
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